ABSTRACT: Classic studies in bone mechanobiology have established the importance of loading parameters on the anabolic response. Most of these early studies were done using loading methods not currently in favor, and using non-murine species. Our objective was to re-examine the effects of several loading parameters on the response of cortical bone using the contemporary murine axial tibial compression model. We subjected tibias of 5-month old, female C57Bl/6 mice to cyclic (4 Hz) mechanical loading and examined bone formation responses using dynamic and static histomorphometry. First, using a reference protocol of 1,200 cycles/day, 5 days/week for 2 weeks, we confirmed the significant influence of peak strain magnitude on periosteal mineralizing surface (Ps.MS/BS) and bone formation rate (Ps.BFR/BS) (p < 0.05, ANOVA). There was a significant induction of periosteal lamellar bone at a lower threshold of approx. À1,000 me and a transition from lamellar-woven bone near À2,000 me. In contrast, on the endocortical surface, bone formation indices did not exhibit a load magnitude-dependent response and no incidence of woven bone. Next, we found that reducing daily cycle number from 1,200 to 300 to 60 did not diminish the bone formation response (p > 0.05). On the other hand, reducing the daily frequency of loading from 5 consecutive days/week to 3 alternate days/week significantly diminished the periosteal response, from a loading-induced increase in Ps.MS/BS of 38% (loaded vs. control) for 5 days/week to only 15% for 3 days/week (p < 0.05). Finally, we determined that reducing the study duration from 2 to 1 weeks of loading did not affect bone formation outcomes. In conclusion, cyclic loading to À1,800 me peak strain, at 4 Hz and 60 cycles/day for 5 consecutive days (1 week) induces an increase in periosteal lamellar bone formation with minimal incidence of woven bone in 5-month-old C57Bl/6 female mice. Our results provide a basis for reduction of loading duration (daily cycles and study length) without loss of anabolic effect as measured by dynamic histomorphometry. ß
In vivo studies of altered skeletal loading have contributed greatly to our understanding of the mechanisms that govern bone adaptation.
1,2 While a number of species and loading models have been used historically, most recent studies have been conducted in mice using non-invasive axial loading of either the forelimb (ulna) 3 or the lower leg (tibia). 4, 5 Our focus here is the murine model of axial tibial compression, which has been widely used since its original descriptions in 2005. [6] [7] [8] [9] [10] [11] [12] [13] Numerous parameters can influence bone's anabolic response to mechanical loading. 1, 2, 14 These are predicated on the use of a dynamic stimulus, 15 referred to as cyclic loading, typically applied in daily "bouts." 16 Relevant parameters include: Peak load (or strain) magnitude, strain rate, cyclic frequency (cycles/sec), shape of loading waveform, duration of daily bouts (time or cycle number), rest insertion (between cycles or between bouts), and duration of study (days or weeks of loading). The importance of these parameters has been established through studies (reviewed elsewhere 1, 2 ) that pre-date the use of murine models. In particular, foundational results have been obtained using the isolated avian ulnar model, 15, [17] [18] [19] the rat four-point tibial bending model, 16, [20] [21] [22] and the rat ulnar axial loading model. [23] [24] [25] Although there is little reason to doubt the generalizability of these earlier results, few studies have examined the effects of loading parameters on bone outcomes using the mouse axial tibial loading model. Because parameter values used for murine axial tibial loading can differ widely between research groups, additional data specific to this model will facilitate comparisons between studies as well as the rational design of protocols for new studies.
There are some data on the effect of loading parameters on bone response in the mouse axial tibial compression model. The importance of peak force (or strain) magnitude has been confirmed in several studies. Lynch et al. 6 reported that adult C57Bl/6 mice did not respond to a loading protocol that applied þ1,200 me peak strain, but exhibited an anabolic response when loaded to þ2,100 me. We reported a strain magnitude-dependent cortical response in studies of BALB/c and C57Bl/6 inbred mice at different ages, 7, 26 and others have reported a linear straindependent response in young-adult C57Bl/6 mice. 8, 9 An inconsistent finding of these studies is the force at which woven bone is observed. In 4-5-month-old C57Bl/6 female mice, we observed some woven bone in 25% of tibias loaded to 8 N, 26 whereas others reported that woven bone does not appear until forces exceed 10 or 12 N. 8, 9 The reason for this discrepancy is unclear. Considering factors other than magnitude, we previously compared two protocols that differed in several parameters (cyclic frequency, strain rate, cycles/day, rest intervals) and found differences in the rate of bone accrual, 27 although we did not dissect which parameters contributed to the differences. Recently, Yang et al. 28 evaluated the effects of daily loading duration and rest insertion in a 2-week study in C57Bl/6 mice. They reported that cortical bone accrual increased with cycle number, although there were diminishing gains with increasing cycles from 36 to 216 to 1,200. They also found that insertion of a 10-s rest between cycles did not affect bone accrual.
The choice of loading parameters has practical implications for animal handling, anesthesia exposure, and ease of implementation. Protocols that use shorter daily loading bouts, fewer days/week, and shorter study length may be advantageous provided that they elicit a sufficient anabolic response. For example, the findings of Yang et al. 28 provide rationale for briefer daily loading (fewer cycles, no rest insertion). Regarding study length, initial studies of mouse axial loading used 2-week (or longer) loading durations, [3] [4] [5] yet more recent studies have reported significant loading effects in mice using only 3 or 5 days of loading. 7, 16, 29, 30 Direct assessment of the effect of study duration on bone formation outcomes has not been reported.
Our objective was to examine the effects of several loading parameters on the anabolic response of cortical bone in the mouse axial tibial compression model. Although this model is also useful for studying cancellous bone adaptation, we focused on cortical bone to limit the scope of the study and because the foundational studies of loading parameters from other species have examined cortical responses. We focused on issues that have been relatively underexplored with the mouse tibial model: (i) the incidence of woven bone as a function of force (strain) magnitude; and (ii) the effect of parameters related to duration and number of daily loading bouts. We started with a "reference" protocol based on recent studies, and then varied parameters individually to determine their effect on cortical bone formation assessed by dynamic histomorphometry. We concluded by comparing the "reference" protocol with a strain-matched "revised" protocol that produces similar increases in bone formation with fewer daily cycles and a shorter study duration.
METHODS

Animals
This study was approved by the Washington University Institutional Animal Care and Use Committee (IACUC). Female C57BL/6 mice were purchased at 12-13 weeks age from the Charles River Laboratory (Wilmington, MA) or Jackson Laboratory (Bar Harbor, ME) and were housed until use at 5 months age, when they had completed the rapid phase of skeletal growth 31, 32 and are considered youngadult. 33 A total of 83 mice were used. Tibias from four pairs were damaged during histological processing and not useable, leaving 79 pairs of tibiae for analysis. Mice were housed in group cages (up to five per cage) in a central facility with ad libitum access to water and regular chow (Purina 5053; Purina, Saint Louis, MO).
In Vivo Tibial Compression
Prior to each daily loading session (bout), mice were transported from the housing facility to the lab where loading was performed. They were anesthetized (3% isoflurane) and their right lower leg was placed in a vertical orientation in a materials testing system (ElectroPuls E1000; Instron, Norwood, MA). Loading fixtures and animal positioning were similar to our recent studies. 26, 27 We have reported that animal transport, handling, and daily anesthesia did not affect bone structure in similarly aged mice. 27 A small preload was applied (À0.5 N) and then the tibia was loaded cyclically through the knee (above) and foot (below) in axial compression. The temporal parameters of the triangle waveform were as described, 4, 28 with the input command for each cycle consisting of a linear ramp to peak in 0.075 s, return to pre-load in 0.075 s, followed by 0.1 s dwell. Frequency was fixed at 4 Hz. The left tibiae were not loaded and served as contralateral controls. Mice received buprenorphine (0.1 mg/kg s.c.) immediately after each loading bout for analgesia, and were returned to their cages for unrestricted activity. By routine observation we did not observe signs of tissue damage or lameness.
The "reference" loading protocol was one we have used in recent studies and is known to be anabolic for cortical bone in young-adult C57Bl/6 mice 6,26,27 ( Table 1 ). The parameters that were varied from the reference values were, in order: (i) peak compressive strain; (ii) number of load cycles/day; (iii) number of loading days (bouts)/week; and (iv) number of weeks of loading. (We also varied the input command waveform, from triangular [reference] to haversine, with the intent of comparing waveform shape. Post hoc analysis revealed that the actuator output for the two waveforms was more similar than different, and thus this part of the study proved inconclusive and is presented in the Supplement.) Animals were distributed across 10 groups (n ¼ 4-10) with each group assigned to a unique set of loading parameters (Fig. 1) . The study design was not fixed a priori and was not intended to examine all possible combinations of parameters. We proceeded incrementally to consider each of the four variables one at a time in a way that avoided redundancy and reduced the parameter combinations to the ones we deemed of most practical relevance. (See Tables 2 and 3 for Groups).
Based on a recent strain analysis, 34 we selected peak forces of À4.2, À5.5, À7, and À8 N to generate corresponding peak periosteal strains of À1,000, À1,400, À1,800, and À2,200 me, values selected to span the lower range of the 20, 24 Throughout this paper, we use these strain values to describe loading magnitudes. Notably, these values are for the diaphyseal site 5 mm proximal to the distal tibiofibular junction (TFJ), and denote the estimated peak magnitude in the cross-section, which occurs at the posterolateral apex. 35 This magnitude at this site is 1.5-2 times greater than the value at the site of peak tension located on the antero-medial tibial surface, 34 a common site for strain reporting in this model. Also of note, we did not adjust the waveform temporal parameters when varying loading magnitude, and thus the loading (strain) rate varied as a direct function of force (strain) magnitude.
1 Estimated peak loading (strain) rates varied from 49 to 100 N/s (0.012-0.027/s).
The number of daily loading cycles was varied from 60 to 300 to 1,200, similar to the range evaluated by Yang et al. 28 The number of loading bouts per week was varied from 5 consecutive days to 3 alternate days, representing two commonly used approaches. 3, 9, 24, 26, 36 In the 5 bouts/ week loading scheme, mice were loaded on days 1-5 and 8-12. In the 3 bouts/week loading scheme, mice were loaded on days 1, 3, 5, 8, 10, and 12. The number of weeks of loading was varied from 2 to 1, representing two reported approaches. 3, 7, 16, 20, 24, 26 In the 1-week loading schemes, mice were loaded on days 1-5.
Histomorphometry
Double fluorochrome labels were administered to allow assessment of dynamic indices of bone formation. The timing of the labels was chosen to approximate prior study designs that administered the first label several days after the initial loading bout, and the second label 5-9 days later, several days before death. 3, 7, 16, 20, 24, 26 With this approach, the inter label interval should capture the estimated time of peak rate of bone formation, which has been reported to occur 5-8 days after a loading bout. 16, 19, 21 In the 1-week loading scheme, mice were injected with calcein green (10 mg/kg IP; Sigma, Saint Louis, MO) and alizarin complexone (30 mg/kg IP; Sigma) on days 5 and 10, respectively, and were euthanized on day 12. In the 2-week loading scheme, mice received calcein and alizarin on days 5 and 12, respectively, and were euthanized on day 15. Both tibiae were harvested and embedded in plastic. Diaphyseal transverse sections were cut at the site of strain gauge analysis (5 mm proximal to the distal TFJ), which corresponds approximately to a site 37% of the tibial length from the proximal end as described by others. 9, 28 (Unpublished data from our lab show that loading induces a similar bone formation response across the 25-50% tibial region.) Initial sections were cut at 100 mm thickness on a saw-microtome (SP 1600; Leica, Wetzlar, Germany) then ground manually to 30 mm thickness and mounted on glass slides. Images were obtained using a fluorescent microscope (Axio Observer D1; Carl Zeiss, Oberkochen, Germany) and analyzed using commercial software (Osteo II; BIOQUANT, Nashville, TN). We determined standard measures of bone formation, 37 including lamellar indices: Single-and doublelabeled surface per bone surface (sLS/BS [green or red label], dLS/BS [green and red label separated by interlabel gap]), and mineral apposition rate (MAR); woven indices: Woven surface (Wo.S); and combined lamellar and woven indices: Total mineralizing surface (MS/BS) and total boneformation rate (BFR/BS), on the periosteal (Ps) and endocortical (Ec) surfaces.
Static histomorphometry measures were also computed to determine the effect of loading on cortical bone structure. We report: Cortical area (Ct.Ar), total area (Tt.Ar), and cortical width (Ct.Wi).
Statistical Analysis
Paired Student's t-tests were used to compare the bone formation indices between the right (loaded) and left (control) tibiae, as test of a local loading effect. One-way analysis of variance (ANOVA) was used to study the effects of loading parameters on bone formation, for loaded (right) and nonloaded (left) limbs separately, with Tukey post hoc tests for multiple comparisons. Statistical significance was considered as p < 0.05, with trends noted for 0.05 < p < 0.10. Analysis was performed with Prism 7.0 (GraphPad, La Jolla, CA).
RESULTS
Control Tibias
ANOVA/Tukey analysis of control (non-loaded) samples revealed few effects of loading parameters. The only significant differences were that Ec.MS/BS and Ec.BFR/BS were lower for 1 week than 2 weeks of loading (p < 0.05, Groups 7 vs. 6, Table 3 ). Overall, these findings indicate that values from control samples were similar across groups.
Periosteal Bone Formation Exhibits Dose Response with Increasing Strain Magnitude
Ten daily bouts of tibial loading induced a strain magnitude dependent anabolic response, primarily evident as increased periosteal mineralizing surface in the loaded limbs compared to contralateral controls ( Figs. 2 and 3 ; Groups 1-4, Table 2 ). Control tibias had an average Ps.MS/BS of 9.0%, independent of group (p > 0.05), indicating a mostly quiescent surface. Loading stimulated an increase in Ps.MS/BS (%) ranging from þ15.4 at À1,000 me (loaded vs. control, p ¼ 0.06) to þ54.7 at À2,200 me (p < 0.001). Ps.MAR was less strongly enhanced by loading, with only the À1,800 me group reaching significance (loaded vs. control, þ0.7 mm/day, p < 0.05). Ps.BFR/BS was increased significantly in loaded versus control bones in the À1,000, À1,800, and À2,200 me groups, but the loading effect did not reach significance in the À1,400 me group (p ¼ 0.095). Increasing peak strain also induced higher incidence of woven bone formation, with no woven bone detected in the À1,000 and the À1,400 me groups, but one of eight and three of seven samples showing some modest woven bone in the À1,800 and À2,200 me groups, respectively.
In contrast to the periosteal surface, loading at these force levels did not consistently enhance bone formation on the endocortical surface and there was no significant effect of loading magnitude (Table 3 , Fig. S1A ). Static histomorphometric indices were modestly greater in bones loaded to strains of À1,400 me and higher compared to control bones, albeit without significant difference between strain groups (Table S1, Fig . S1B ). The most consistent effect was seen in Ct. Wi, which was increased by 9.4% (loaded vs. control, p < 0.05), 5.6% (p < 0.05) and 7.8% (p ¼ 0.089) in the À1,400, À1,800, and À2,200 me groups, respectively. In summary, a periosteal dose response was observed with loading of increasing magnitude, whereas the endocortical response was not magnitude dependent. There was strong induction of periosteal lamellar bone (and minimal woven bone) at a strain magnitude of À1,800 me. This strain level was used for all subsequent parameter studies.
Loading-Induced Periosteal Bone Formation is Independent of Cycle Number
Ten days of loading at À1,800 me peak strain induced a significant periosteal bone formation response independent of cycle number ( Fig. 4; Groups 3 , 5, and 6, Table 2 ). Ps.MS/BS, Ps.MAR, and Ps.BFR/BS were significantly increased in loaded tibias versus control in the 60, 300, and 1,200 cycle number groups, but with no significant differences between groups. For example, the increases in Ps.MS/BS were þ38.1, þ52.0, and þ45.1%, respectively. No woven bone was found in the 60 cycle group, whereas two and one instances were found in the 300 and 1,200 cycle groups, respectively. Paradoxically, there was some evidence of a negative dose response on the endocortical surface, with 60 cycles/day having a higher Ec. MS/BS and 300 cycles/day a higher Ec.BRF/BS compared to 1,200 cycles/day (Fig. S2A, Table 3 ). But consistent with the periosteal results, Ct.Wi was increased in the loaded bones by a similar amount (5-6%, loaded vs. control, p < 0.05) for the three groups (Table S1 , Fig. S2B ). In summary, because loading at 60 cycles/day was sufficient for periosteal lamellar bone induction and higher cycles numbers did not enhance this response, subsequent parameter studies were conducted with 60 cycles.
Loading 5 Days/Week is More Anabolic Than Loading 3 Days/week
Reducing the number of loading bouts per week from 5 to 3 led to a significantly diminished anabolic response (Fig. 5 ). As noted above, the protocol of loading 5 consecutive days (Mon-Fri) at À1,800 me peak strain, 60 cycles/day for 2 weeks increased Ps.MS/BS (þ38.1%), Ps.MAR (þ0.7 mm/day), and Ps.BFR/BS (þ0.7 mm/day) in loaded versus control tibias (Group 6, Table 2 ). In contrast, loading on alternate days (Mon, Wed, Fri) produced smaller increases in Ps.MS/BS (þ15%) and Ps.BFR.BS (þ0.2 mm/day) and did not stimulate a significant increase in Ps.MAR (Group 8, Table 2 ). Endocortical formation was likewise only modestly induced by 3 days/week of loading, although this was not significantly different from the response for 5 days/ week (Fig. S3A, Table 3 ). On the other hand, Ct.Wi was not significantly increased with 3 days/week of loading, compared to a 5.4% increase with 5 days/week (Fig. S3B , Table S1 ). In summary, reducing the number of loading sessions to 3 days/week resulted in a significant decline in the anabolic response to loading at the periosteal surface, and 5 days/week was used for subsequent parameter studies.
Bone Formation Responses Were Similar for 1 and 2 Weeks of Loading
Finally, we evaluated the effects of reducing the number of weeks of loading from 2 to 1. Despite 5 fewer loading days, the 1-week protocol stimulated similar periosteal bone formation responses as the 2-week protocol (Fig. 6 ). For example, the loadinginduced increases in Ps.MS/BS were þ38.1% and þ42.2% for 2-and 1-weeks, respectively (Groups 6 and 7, Table 2 ). One instance of periosteal woven bone was detected in the 1-week group, while no woven bone . Each of these three groups had a significant increase in bone formation in loaded versus control tibias. Tibias in these groups (Groups 6, 5, and 3) were loaded to À1,800 me, 5 days/ week for 2 weeks. Bars depict mean AE SD for the loaded (right) tibia; dashed line indicates mean value for control tibias of these groups. p < 0.05, right versus left.
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was detected in the 2-week group. At the endocortical surface, the responses to 2 and 1 week of loading were similar (Fig. S4A, Table 3 ). Static histomorphometric measures were likewise not affected by study duration (Table S1 , Fig. S4B ). Ct.Wi was increased by 5.4 and 6.5% (loaded vs. control, p < 0.05) for the 2-and 1-week protocols, respectively. In summary, a reduction in weeks of loading did not diminish the anabolic response to loading for a protocol of À1,800 me peak strain, 60 cycles/day, and 5 days/week.
DISCUSSION
Non-invasive axial loading of mouse long bones is commonly used for in vivo study of the mechanisms that govern bone adaptation to mechanical loading, and the selection of loading parameters is an important consideration for study design. Because most studies on this topic have been conducted using loading models not currently in favor, and using nonmurine species, our objective was to re-examine the effects of several loading parameters on cortical bone formation in the contemporary mouse axial tibial compression model. We focused on: (i) the lamellarwoven threshold; and (ii) parameters related to the duration and number of daily loading bouts. Our findings indicate that À1,800 me peak strain (À7 N peak force), applied as a 4 Hz waveform for 60 cycles/ day, for 5 consecutive days ("1 week") induces a significant increase in periosteal lamellar bone formation with minimal incidence of woven bone in 5-month-old C57Bl/6 female mice. The increase in bone formation induced by this protocol did not differ from a strain-matched reference protocol, despite using fewer daily loading cycles and 5 fewer loading days (Fig. 7) . A rule of bone adaptation that was established in non-murine models is that, for values of strain above a threshold, the anabolic response increases with strain magnitude. 17, 20 Our findings, along with other recent reports [7] [8] [9] 26 , confirm this rule in the mouse axial tibial compression model. We observed a linear dose-response relationship between peak strain and periosteal bone formation rate (Ps.BFR/BS), driven by a linear increase in mineralizing surface (Ps.MS/BS) (Figs. 2 and 3) . The strain magnitude threshold for inducing a significant lamellar response was approximately 1,000 me, consistent with the approximate threshold based on other loading models. 17, 20 In addition to this lower threshold, we were also interested in the lamellar-woven threshold. Turner et al. 20 reported periosteal woven bone in the rat tibia for peak strains of 1,900 me and greater, although this result may have been complicated by the periosteal pressure inherent with their four-point bending model. Here, in 53 tibias from six groups of mice loaded 5 days/week to À,1800 me peak strain (À7 N force), we observed a small amount of periosteal woven bone in 13% of cases (7/53); endocortical woven bone was not observed. In the seven cases with woven bone, the average percent woven bone surface (Ps.Wo.S/BS) was only 14%. The occurrence of woven bone was seemingly random among these samples, for example, it was more common in mice loaded for 2 weeks than 1 week. In similarly aged (4-month) C57Bl/6 female mice, Weatherholt et al. 8 reported no woven bone for a peak force of À9 N (2 Hz Hsine, 60 cycles/day, 3 days/week, 4 weeks). Interestingly, in the one group in our study loaded for three rather than 5 days/week, we did not observe woven bone, but with the trade-off of a lesser increase in lamellar bone formation. In summary, a peak compressive strain of À1,800 me (À7 N) applied at 4 Hz for 60-1200 cycles/day, 5 days/week results in a potent induction of lamellar bone formation, with some periosteal woven bone in a small fraction of samples.
An important consideration when interpreting our results is the effect of strain rate. It is well established that loading at a faster rate induces a greater bone formation response. 22, 25, 38 This has implications for the strain magnitude effects reported here, because for the waveforms we used, strain rate is directly proportional to strain magnitude and frequency. 1 Since we did not adjust waveform frequency between groups of different magnitudes, the tibias loaded to a higher magnitude ( Ã denotes that this is equivalent to the "reference" parameters in Table 1 except for strain magnitude.) The "Revised" protocol (Group 7) was 60 cycles/day, 5 days/week for 1 week. The input command waveform for both protocols was a Triangle. Bars depict mean AE SD for the loaded (right) tibia; dashed line indicates mean value for control tibias of these groups.^p < 0.05, right versus left.
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SUN ET AL. experienced both higher peak strains and proportionally higher strain rates; the periosteal dose-response we observed is likely tied to both of these factors. Also of note is that we used a cyclic frequency of 4 Hz, which matches the rate first used by Fritton et al. 4 and used in many subsequent murine studies. 3, 6, 10, 13, 26, 39 A rate of 2 Hz is also commonly reported. 5, 8, [40] [41] [42] We expect that the magnitude of the bone formation indices reported here is specific to 4 Hz, and would be diminished if we used a lower frequency. In particular, we hypothesize that the difference in cyclic frequency in our study versus Weatherholt et al. 8 (4 vs. 2 Hz) explains the difference in the force at the lamellarwoven transition ($7 N vs. $10 N). Additional studies comparing cyclic frequencies would be required to test this hypothesis. Nonetheless, we believe that the relative effects of the other parameters we examined (e.g., cycle number, days/week) are generalizable to frequencies different from 4 Hz.
We were motivated in part to evaluate parameters that might reduce in vivo study time, either the time needed each day or the number of days. First, we found no effect on bone formation when the number of cycles/day was reduced from 1,200 to 300 to 60 (Fig. 3) . This result is mostly consistent with the report of Yang et al., 28 who reported a significant increase in tibial bone mass with as few as 36 cycles/day applied daily for 2 weeks. In slight contrast, these authors did find a small additive benefit when they increased to 216 and 1,200 cycles/ day. Collectively, the results of these two studies in the mouse tibial compression model are consistent with the classic rule that with increasing daily loading cycles beyond $50 cycle/day there is limited additive enhancement of bone formation. 18, 43 A second temporal parameter that had no effect in the current experiment was duration of loading period (1 vs. 2 weeks). The timeline of the 2-week protocol we used represents a common approach for bone loading studies with dynamic histomorphometry as an outcome 3, 20, 24, 26 : loading on days 1-5 and 8-12, with fluorochrome labeling on days 5 and 12, and euthanasia on day 15. Our results indicate that, despite five fewer loading days, equivalent bone formation indices can be induced using a 1-week loading protocol with labeling on days 5 and 10. Thus, our finding supports a 1-week loading period as not only being adequate to induce bone formation, which is well documented, 7, 16, 29, 30 but as being comparable to a 2-week loading period. This provides further rationale for the use of a shorter protocol, with the dual benefits of reduced animal handling and anesthesia exposure, and reduced investigator workload. Importantly, this result is specific to a study where dynamic histomorphometric indices are the main outcomes. 16 For studies where areal or volumetric measures are a primary outcome (e.g., bone area added between labels, or Ct.Ar or Ct.Bv assessed by microCT), a longer study duration (2-6 weeks) is beneficial to allow increases in bone mass to accrue. 6, 8, 28, 35, 44 One temporal factor that affected the magnitude of bone formation was days per week, with 3 days/week (2 weeks) resulting in a significantly lower anabolic response than 5 days/week (either 1 or 2 weeks). The increased anabolic effect of 5 versus 3 days/week is consistent with the concept that each loading bout produces a discrete amount (a "quantum") of bone formation, 16, 19 and thus more bouts for the same experimental duration will induce a larger additive response. Interestingly, this phenomenon can also be seen in assays of mRNA expression of genes related to bone formation (e.g., Col1a1), whereby incremental bouts produce additive increases in expression. 45, 46 Although more loading days/week is more anabolic, a number of investigations have successfully used a 3 day/week schedule to induce a loading response and enable comparisons between experimental groups. 9, 29, 36, 40 In our case, the 3 day/week protocol stimulated only a small increase in periosteal bone formation indices, although this could have been enhanced by use of a higher peak strain.
The effects we observed for the periosteal surface were not necessarily the same at the endocortical surface. Most notable was the lack of a magnitudedependent dose response at the endocortex (Fig. S1A) . While the peak strain magnitude is less at the endocortex, it should still increase in proportion to force magnitude. Interestingly, the basal (control) rates of bone formation were much greater on the endocortex versus the periosteum. For example, the average Ec.MS/BS for controls was $40% versus the average Ps.MS/BS of $10%. Thus, the parameters we examined may not have been adequate to stimulate a robust loading response above the relatively high baseline on the endocortical surface.
Several additional limitations should be noted. Our primary outcomes were cortical bone formation indices assessed by dynamic histomorphometry at a single diaphyseal section. We did not perform microCT (either in vivo or post mortem) to analyze 3D morphological changes, which reflect structural adaptation. Analysis of cortical changes at additional proximal or distal sites would provide a more complete description of the loading response, although loading effects are reported to be relatively consistent across sites within the 25-50% range of the tibia length. 9, 28 Likewise, although our study did not examine effects of loading on cancellous bone, other studies have shown that loading parameters have similar relative effects on cortical and cancellous adaptation. 9, 28 Finally, a focus of our study was reducing the loading duration during the in vivo part of a study, motivated in part to enhance animal welfare and to reduce investigator workload. We did not consider the time expended in sample processing and analysis, which may influence the decision to perform microCT versus histomorphometry.
EVALUATION OF LOADING PARAMETERS FOR MURINE AXIAL TIBIAL
In summary, we assessed the effects of several loading parameters on dynamic bone formation indices using the axial tibial loading model in 5-month, female C57Bl/6 mice. We confirmed the strong influence of peak strain magnitude, with a lower threshold of approx. À1,000 me and occasional induction of small amounts of woven bone at approximately À2,000 me. We found no effects of varying the daily cycle number from 60 to 1,200, or the experimental length from 1 to 2 weeks. On the other hand, daily loading (5 consecutive days for 1 or 2 weeks) was more potent than alternate day loading. In conclusion, a loading protocol that engenders À1,800 me peak strain (À7 N peak force), applied at 4 Hz for 60 cycles/day, for 5 consecutive days ("1 week") induces a significant increase in periosteal lamellar bone formation with minimal incidence of woven bone in 5-month-old C57Bl/6 female mice. Our results provide a basis for reduction of loading duration (daily cycles and study length) without loss of anabolic effect as measured by dynamic histomorphometry. 
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